1 3 6 3 a r t i c l e s To relieve DNA topological strain and facilitate cellular DNA and DNA-RNA transactions, type II topoisomerases metabolize DNA topoisomers by incising DNA, gating passage of a second DNA duplex through a topo II-linked DSB and religating the DNA break. The reversibility of topo II DNA-cleavage reactions is facilitated by the formation of covalent enzyme-phosphotyrosyl linkages between the 5′-phosphate ends of the incised duplex and an active site topo II tyrosine. Although topo II-DSB intermediates are transient, genetic and environmental perturbations can accelerate topo II DNA cleavage or stall topoisomerase religation 1-3 , shifting DNA cleavage-ligation equilibrium toward production of excessive DSBs that retain topoisomerase subunits covalently adducted to the DSB 5′ termini through their active site tyrosine residue 4,5 . Left unprocessed, such proteinadducted DNA ends are expected to block DNA double strand break repair. Widely prescribed and potent anticancer chemotherapeutic topo II poisons such as doxorubicin and etoposide pharmacologically exploit this topo II mechanistic vulnerability to create genomic instability and cause cell death 5-7 .
a r t i c l e s
To relieve DNA topological strain and facilitate cellular DNA and DNA-RNA transactions, type II topoisomerases metabolize DNA topoisomers by incising DNA, gating passage of a second DNA duplex through a topo II-linked DSB and religating the DNA break. The reversibility of topo II DNA-cleavage reactions is facilitated by the formation of covalent enzyme-phosphotyrosyl linkages between the 5′-phosphate ends of the incised duplex and an active site topo II tyrosine. Although topo II-DSB intermediates are transient, genetic and environmental perturbations can accelerate topo II DNA cleavage or stall topoisomerase religation [1] [2] [3] , shifting DNA cleavage-ligation equilibrium toward production of excessive DSBs that retain topoisomerase subunits covalently adducted to the DSB 5′ termini through their active site tyrosine residue 4, 5 . Left unprocessed, such proteinadducted DNA ends are expected to block DNA double strand break repair. Widely prescribed and potent anticancer chemotherapeutic topo II poisons such as doxorubicin and etoposide pharmacologically exploit this topo II mechanistic vulnerability to create genomic instability and cause cell death [5] [6] [7] .
Vertebrate tyrosyl-DNA phosphodiesterase Tdp2 (also known as TTRAP or EapII) processes topo II adducts to 5′-phosphorylated DNA termini through direct reversal of the 5′-phosphotyrosyl linkage 8 (Fig. 1a) . The turnover of stalled type II topoisomerase covalent complexes proceeds by a ubiquitin proteasome-degradation pathway, so Tdp2 may remove degraded topo II peptides covalently linked to the 5′ terminus [9] [10] [11] . Targeted RNA interference-mediated knockdown of Tdp2 sensitizes A549 lung cancer cells to etoposide and increases formation of nuclear γH2AX foci, a marker of DSBs 8 , supporting the notion that Tdp2 is an important component in enabling cellular repair of topo II-adducted DSBs. Tdp2 is also overexpressed in lung cancers and transcriptionally upregulated in mutant p53 cells 12 . Thus, it is hypothesized that Tdp2 functions in cellular topo II drug resistance 13 and mediates mutant p53 gainof-function phenotypes, including acquisition of therapy resistance during cancer progression 12 . However, the molecular basis underlying Tdp2 topo II-DNA adduct repair activities remains unclear in the absence of protein-structural information for any Tdp2 homolog.
Tdp2 is a two-domain DNA-repair protein with an N-terminal ubiquitin-associated (UBA) domain that may link Tdp2 to cellular signaling and stress responses 9 and a C-terminal EEP catalytic domain ( Fig. 1b) . EEP-domain nucleases cleave DNA and RNA backbones and have diverse cellular functions including RNA processing (for example, the CNOT6L poly-A deadenylase 14 ) and DNA repair (Tdp2 and Ape1) 8, 15 . Through use of a common enzymatic scaffold, EEP phosphoesterases have evolved very diverse substrate specificities. Tdp2 is particularly intriguing and distinct in that it processes protein-DNA conjugates. This raises the question of how Tdp2 identifies its substrates, how Tdp2 discriminates 5′-terminal DNA adducts from polynucleotides to prevent inappropriate endo-or exonucleolytic cleavages and how this specificity and activity might be regulated. To clarify Tdp2 functions in genomic maintenance and cellular cancer-therapeutic resistance, we report combined structural and functional characterization of Tdp2 catalytic activity and enzymatic selectivity. a r t i c l e s
RESULTS

Tdp2 domain mapping and catalytic activity
We used limited trypsin proteolysis ( Supplementary Fig. 1) , truncation mutagenesis, sequence analysis (Supplementary Fig. 2 ) and small-angle X-ray scattering (SAXS) coupled to measurement of Tdp2 5′-tyrosyl-phosphodiesterase activity ( Fig. 1c-e ) to identify the minimal catalytically active domain (referred to as Tdp2 cat hereafter) from human (hTdp2 cat , residues 108-362) and mouse (mTdp2 cat , residues 118-370) Tdp2 (Supplementary Fig. 2) . Analysis of the SAXS electron pair distribution function and solution scattering parameters ( Supplementary Fig. 3 and Supplementary Table 1 ) shows that full-length hTdp2 (hTdp2 FL ) adopts an elongated structure (maximum particle dimension, 102 Å) that is susceptible to trypsin protease digestion ( Supplementary  Fig. 1) . In contrast, a truncated, trypsin-stable hTdp2 cat fragment is globular, on the basis of the SAXS analysis ( Supplementary  Fig. 3) . Thus, the Tdp2 N-terminal UBA domain ( Fig. 1b) , which may interface with the cellular signaling apparatus and ubiquitination machinery 16, 17 , appears to be flexibly linked to the folded C-terminal EEP domain core.
Purified hTdp2 cat and mTdp2 cat proteins ( Fig. 1c) have Mg 2+dependent ( Supplementary Fig. 4a ) activity on 5′-phosphotyrosylated (5′-Y) termini of single-stranded DNA or on duplex substrates with 5′ overhangs of 1-4 nucleotides (nt) as well as on the smallmolecule 5′-Y mimic thymidine 5′-monophosphate p-nitrophenyl ester (T5PNP) ( Fig. 1d-g and Supplementary Fig. 4b npg a r t i c l e s 5′-recessed 5′-Y termini ( Fig. 1g ) and 3′-phosphotyrosylated (3′-Y) DNAs are comparatively poor substrates ( Fig. 1h,i) . In addition, even at high enzyme concentrations in excess of substrate, Tdp2 displays no detectable endo-or exonuclease activity, which shows that Tdp2 is highly specific for a 5′-Y terminus. Furthermore, Tdp2 displays no detectable activity on a 5′-adducted alkylamine (5′-N) adduct, nor can it remove a 5′-tetrahydrofuran-ring abasic-site mimic (5′-A) despite its similarity in size to a tyrosine ( Fig. 1f,i) . This suggests that, in addition to recognizing the size and shape of the 5′ adduct, Tdp2 may also exploit the aromatic character of the tyrosine leaving group to promote catalysis. Consistent with published work 8 , Tdp2 processes 3′-Y adducts, albeit only at high protein concentration, with extended incubation (Fig. 1i) . Thus, mammalian Tdp2 homologs display enzymatic preferences for the secondary structure of the DNA end (single-stranded 5′ overhangs), for the polarity of phosphotyrosine adduction (5′ >> 3′) and for the chemical structure of the 5′ adduct. The Tdp2 specificity for 5′-Y within 5′ overhangs is most consistent with the role for Tdp2 in promoting type II topoisomerase protein-adduct repair. Deletion of the Tdp2 N-terminal domain does not alter substrate preferences but confers an ~1.5-to 2-fold increase of Tdp2 catalytic activity on T5PNP and the 5′-tyrosylated polynucleotide substrates ( Fig. 1e,g) . Thus, the flexibly linked Tdp2 N terminus may regulate Tdp2 activity.
Crystallization of Tdp2-DNA complexes
Mouse Tdp2 cat X-ray crystal structures were determined in four distinct states, including three DNA-protein complexes (Online Methods): (i) DNA complex I, an mTdp2 cat -5′-N-DNA (a 5′-adductsubstrate analog) complex (at 2.1 Å, in a Mg 2+ -free form); (ii) DNA complex II, an mTdp2 cat -5′-PO 4 -DNA-Mg 2+ catalytic-product complex (at 1.5 Å); (iii) DNA complex III, an mTdp2 cat -DNA-Mg 2+ complex, with ssDNA excluded from the active site (at 1.85 Å); and (iv) an mTdp2 cat -Mg 2+ -5′-dAMP complex (at 2.55 Å) ( Table 1 ). An 8-base-pair DNA duplex with 1-nt overhangs derived from a self-complementary oligonucleotide (Supplementary Table 2 ) was used for crystallization of the nonhydrolyzable substrate analog 5′-N adduct (complex I) and the 5′-PO 4 reaction-product complex (complex II) ( Fig. 2 and Supplementary Fig. 5 ). Notably, Tdp2 is catalytically active on 1-nt-overhanging substrates ( Supplementary  Fig. 4b ), though activity is decreased, probably owing to reduced accessibility of the 5′ terminus in these substrates, as compared to preferred 2-or 4-nt overhangs. In all three DNA-complex structures, Tdp2 uses conserved protein side chains to extensively engage the terminal nucleotides of the DNA 5′-adducted strand ( Fig. 2a-c , blue DNA strands and Supplementary Fig. 6 ). In contrast, there is a dearth of DNA-protein contacts made to the 3′ end of the complementary strand of the duplex DNA ( Fig. 2a-c , gray DNA strands) employed as a vehicle for protein-DNA co-complex crystallization. Thus, the use of two-ended crystallization substrates has trapped protein-DNA interactions relevant to Tdp2 DNA processing and specificity for 5′-strand overhanging ends ( Fig. 1g) , which is consistent with a biological role for Tdp2 processing of topo II-linked DSBs 8 .
Architectures of Tdp2 DNA damage-recognition complexes
The 28.5-kDa mTdp2 cat catalytic domain adopts a compacted globular α-β fold with a central 12-stranded β-sandwich surrounded by eight helical elements ( Fig. 2a, Supplementary Fig. 2 ). Approximate npg a r t i c l e s two-fold topological pseudosymmetry relates the two halves of the Tdp2 cat β-sandwich. Tdp2 directly engages and directs the 5′ terminus into the active site, with 14 residues mediating sequence-independent DNA contacts to the three terminal nucleotides of the 5′ strand ( Fig. 2a-c Fig. 6 ). By comparison, direct protein contacts to the 3′ end of the complementary strand are limited to a DNA base-stacking interaction with the exposed 3′ terminus and are mediated by nonconserved amino acids ( Supplementary Fig. 6 ), which suggests that these contacts are not relevant to Tdp2-DNA interactions in solution.
Eight highly conserved Tdp2 motifs (M1-M8, Fig. 3a-c and Supplementary Figs. 2 and 6 ) define a contiguous surface of the protein mediating (i) Mg 2+ coordination and active site chemistry (motifs M1, M2, M5, M6 and M8), (ii) DNA binding (motifs M5, M6 and M7) and (iii) a hydrophobic 5′-adduct recognition groove (motifs M1, M3 and M4). Regions M5-M7 assemble to form the Tdp2 DNA-binding groove. M7 adopts a previously unrecognized β-2-helix-β (β2Hβ) DNA-binding fold that projects outward from the Tdp2 catalytic core to envelop the exposed 5′ DNA end. An extended network of conserved hydrophobic residues (Trp307, Leu315, Ile317, Tyr321 and Phe325) fuse and form a platform for DNA base stacking and deoxyribose-sugar interactions that 'grasp' the DNA 5′ terminus (Fig. 3a,c and Supplementary Fig. 6 ). Proximal to the active site, three hydrophobic side chains (Phe325, Leu315 and Trp307) form a groove that makes van der Waals contacts to the 5′-terminal sugar and interact nonspecifically with the cytosine 1 pyrimidine base ( Fig. 3c) .
Along with the β2Hβ grasp, motif M5 forms a helical DNA-binding 'cap' on the opposite side of the cleft to orient the 5′ terminus for its approach into the active site. M5-cap interactions from Arg241 and the cap's 3 10 -helix main chain amide directly bind to the DNA sugar-phosphate backbone of the approaching 5′ strand (Fig. 3c) . Between the grasp and the cap, three residues from motif M6 (Arg 276, Asn274 and Asp 272) form the 'floor' of this highly conserved DNA-interaction groove ( Fig. 3a-c) . In complex with the DNA-substrate analog, regions M1, M3 and M4 form a pocket binding the 5′-N alkylamine adduct ( Fig. 3a,b ).
5′-DNA-end-binding motifs
To test roles for Tdp2-DNA interfaces observed in our mTdp2 cat structures, we evaluated the impact of amino acid substitutions on the strictly conserved DNA-binding groove on human Tdp2 cat catalytic activity, using three substrates: (i) p-nitrophenyl phosphate (PNPP), (ii) T5PNP and (iii) the DNA substrate 4-nt-5′-Y ( Fig. 4a) . Our goal in analyzing the activity of mutant hTdp2 cat proteins ( Supplementary Fig. 7 ) on this set of chemically related substrates was to dissect structure-activity relationships of the Tdp2 DNAbinding surface ( Fig. 4a-c) . We hypothesized that mutations affecting the basic DNA-binding groove would impair catalysis on DNA substrates but not significantly alter processing of T5PNP. In support of roles for orienting the 5′ terminus of the 4-nt-5′-Y substrates, substitution of two conserved cap and floor DNA-binding arginine side chains R266E hTdp2 (R276 mTdp2 ) and R231E hTdp2 (R241 mTdp2 ) reduced activity on 4-nt-5′-Y ( a r t i c l e s and 37-39) but had modest impacts on hydrolysis of T5PNP ( Fig. 4b) .
At the DNA 5′ terminus, two β2Hβ-motif hydrophobic residues (Trp307 and Phe325) cup the terminal deoxyribose sugar. Consistent with important roles for orienting the DNA terminus for catalysis, the substitution of these β2Hβ hydrophobic side chains severely impairs hydrolysis (<5% of wild-type activity) of both 4-nt-5′-Y and T5PNP (Fig. 4b,c ; lanes 23-25 and 40-42). Notably, the F315A hTdp2 (F325 mTdp2 ) and W297A hTdp2 (W307 mTdp2 ) mutants both retain >45% of wild-type activity on PNPP, a substrate lacking a 5′ nucleoside ( Fig. 4a,b) . Overall, observations from mutagenesis and activity studies are consistent with the polarity of DNA binding in the Tdp2 DNA interaction groove and support the structural observations that sequence-nonspecific DNA-binding contacts from the cap, floor and grasp orient the 5′ terminus to promote catalysis with combined substrate-sugar-phosphate binding.
5′-adduct-binding site
The position of the entire 5′-N alkylamine adduct is clearly visible in five of the six Tdp2 molecules in the crystallographic asymmetric unit and is well defined for the first three methyl groups in the remaining molecule ( Fig. 5) . The overall trajectory of the C1 and C2 methyl carbons is consistent. Structural overlays of the six DNA-protein complexes show that although the flexible adducts adopt variable structures, they all occupy a hydrophobic groove created by Leu134 (motif M1), Tyr188 (motif M3) and Met214 (motif M4) ( Fig. 5a) .
To better understand how Tdp2 might bind a cognate 5′-Y substrate, we assessed possible tyrosine-binding positions in this hydrophobic pocket, on the basis of binding of 5′-N. We positioned the tyrosine hydroxyl to be anchored at a bridging oxygen position, and we posit that 5′-Y could bind analogously to the alkyl chains occupying the hydrophobic 5′-N-binding groove (Fig. 5a) . Modeling of the 5′-Y into this pocket reveals van der Waals interactions between the protein surface and the tyrosine aromatic ring. Consistent with this model, alanine substitutions of any of the hTdp2 cat pocket residues, or of an adjacent residue stabilizing the conformation of Met214 (Met215) (hTdp2 cat mutations, M204A, M205A, L124A, and Y178A), all confer catalytic defects for processing of 5′-Y ( Fig. 4c ; lanes 9-11, 12-14, 43-35 and 46-48) as well as the small-molecule substrates PNPP and T5PNP (Fig. 4b) .
Tdp2 catalytic mechanism
The Tdp2 substrate-analog-and product-complex structures provide a high-resolution view of the Tdp2 active site in the absence of mutagenic perturbation. A structural superposition of DNA end-bound conformations in complexes I and II highlights a trajectory for a reaction coordinate for the adduct hydrolysis reaction that is characterized by inversion of configuration about the 5′-phosphorus (Fig. 5b,c) . In the substrate analog-bound structure (a Mg 2+ -free crystal form), a bound water molecule ( Fig. 5b-e , Nuc) is positioned appropriately for in-line nucleophilic attack ~180° opposite of the P-O bond of the 5′-N adduct. Although 5′-Y substrates were included in the crystallization solution of the product complex (a Mg 2+ -bound crystal form), enzymatic processing occurred in the crystallization drop, and the DNA of complex II is unambiguously bound as a 5′-PO 4 reaction product ( Fig. 5f,g) . No electron density is visible for the cleaved tyrosine moiety, which suggests that it does not remain bound to Tdp2 after phosphotyrosine-bond hydrolysis. In the product state, the single bound Mg 2+ ion coordinates a water molecule ( Fig. 5b,f; blue sphere) occupying a position analogous to the bridging oxygen of the 5′-adduct leaving group. Similarly, the proposed nucleophile in the substrate analog-bound complex occupies the approximate position of the 5′-PO 4 product oxygen generated by phosphate inversion (Fig. 5b,d) .
On the basis of geometry of the bound substrates and products, we propose a catalytic mechanism for Tdp2 DNA-adduct processing (Fig. 5c) . In both the product and substrate complexes, Asp272 is best positioned to act as a catalytic base to activate a water molecule for nucleophilic attack in an S N 2 displacement reaction, and it forms close hydrogen bonds (average distance of 2.45 Å for the six 
5′-Y 5′-P 1 2 5 1 2 5 1 2 5 1 2 5 (min) 5′-Y 5′-P 1 2 5 1 2 5 1 2 5 1 2 5 npg a r t i c l e s monomers in the crystallographic asymmetric unit) to the proposed water nucleophile or to the 5′-PO 4 product oxygen (average distance 2.48 Å for the two monomers in the crystallographic asymmetric unit). Magnesium is absent from our substrate analog-bound complex; however, Mg 2+ directly interacts with the 5′-PO 4 in the product structure. Bound Mg 2+ along with three additional conserved residues (His236, His359 and Ser239) binding 5′-PO 4 are positioned to interact with the substrate phosphate moiety and stabilize a pentacovalent reaction transition state in this scheme ( Fig. 5c,d,f) .
Supporting their predicted roles in tyrosyl phosphodiester hydrolysis, mutation of the presumed conserved catalytic base Asp272 (Fig. 4c ; lanes [34] [35] [36] or transition state-stabilization ligands Ser239 or His359 impairs catalytic activity on all three substrates (Fig. 4b,c ; lanes 31-33 and 26-28). On the basis of structural and mutagenesis data, our data are most consistent with a single-metal-ion mechanism (Fig. 5c) that is similar to a mechanism originally proposed for the related EEP nuclease Ape1 (ref. 15 ).
Tdp2 DNA-processing specificity
Overall, the architecture of the Tdp2 DNA-binding groove formed by the M6-M8 motifs explains the exquisite in vitro Tdp2 DNA structure-dependent DNA-substrate specificity ( Fig. 1g-i) . Consistent with the substrate-cleavage preference for 5′-Y overhangs, the dimensions of the substrate-binding groove proximal to the active center appear too small to efficiently accommodate double-stranded DNA without distortion of the enzyme active site and/or terminal DNA base-pair unwinding, which provides a possible explanation for reduced efficiency of processing on blunt or recessed 5′ termini. In addition, Tdp2 displays a marked preference for 5′-Y over 3′-Y substrates (Fig. 1h,i  and ref. 8 ). On the basis of structures and mutagenesis, substrate interactions with the DNA 5′ end are facilitated by van der Waals contacts from the β2Hβ grasp (Trp307, Phe325) to the terminal C4′ and C5′ methyl groups (Fig. 6a) . We posit that substrate interactions may be suboptimal for binding a 3′-Y DNA end where the phosphate is more closely juxtaposed to the deoxyribose sugar ( Fig. 6b) . npg a r t i c l e s Whereas Tdp2 rapidly processes 5′-Y, a single-stranded 5′ end of the DNA is not further processed nucleolytically by Tdp2 in solution, even at high protein concentration (Fig. 1h) , which underscores the precise selectivity of the Tdp2 active site for 5′-Y reversal. In accordance with this selectivity, we determined an additional structure of DNA-bound Tdp2 in which the single-stranded 5′ terminus is found excluded from the active site (DNA complex III). In this complex, which we term the 'excluded ssDNA' complex ( Fig. 6c-e) , the ssDNA is bound outside of the Tdp2 active site recess, and hydrophobic base-stacking interactions meditated by Leu134 stabilize this active site-excluded conformation ( Fig. 5c and Supplementary Fig. 6 ). We hypothesize this third, nonproductively DNA-bound conformation reflects a mode of Tdp2 substrate encounter with intact ssDNA and provides a basis for understanding protection against Tdp2-mediated endonucleolytic cleavage.
Comparisons of the excluded DNA conformation to the active site-occupied complex structures I and II reveal conformational differences involving the Asp277 and Arg276 (floor) and the Mg 2+ -binding site (Fig. 6d,e ). An ~2-Å shift in the DNA appears coupled to motion of Arg276. Movement of Arg276 is also coincident with a turn-to-helix transition at the N-terminal end of helix α5 and the formation of a salt-bridging contact between Asp277 and Arg327 (Fig. 6e) . Notably, the active site Mg 2+ also moves inward 1.8 Å in the product state (relative to the excluded-ssDNA complex). We speculate that these conformational rearrangements may reflect induced-fit assembly of the Tdp2 active site upon productive interaction with the ssDNA terminus in the active site and might provide an additional level of substrate selectivity.
DISCUSSION
Overall, our results define the molecular basis for Tdp2 recognition and hydrolytic processing of 5′-tyrosylated protein-DNA conjugates and support a testable, structure-based single-magnesium ion-mediated catalytic mechanism for the EEP superfamily of nucleases. Tdp2 architecture is closely related to Ape1 (ref. 15 ) but shares only 16% sequence identity with Ape1 over the EEP domain ( Fig. 7) . Ape1 is an endonuclease and recognizes and cleaves the 5′-terminal side of abasic sites to facilitate DNA base excision repair 15 . However, DNA and 5′-adduct recognition elements make Tdp2 distinct from Ape1, and Tdp2 excludes an intact phosphodiester backbone from its active site to ensure selectivity and restrict endo-or exonucleolytic processing. Superposition of the Ape1 and Tdp2 DNA-complex structures indicates that although the central β-sheet and active site chemistry is preserved, the DNA-substrate interactions and secondary-structure elements engaging DNA damage are structurally diverged and distinct. Notably, the internal topological pseudo-two-fold symmetry of the EEP proteins breaks down with respect to protein surface loops defining substrate binding. For Tdp2, one-half of the binding cleft has evolved to recognize the 5′ adduct (motifs M1, M3 and M4), and on the opposing side the M5-M7 surface motifs define binding to the deoxypolynucleotide. The analogous regions from Ape1 also participate in substrate recognition but bear little resemblance to Tdp2 (Fig. 7) . npg a r t i c l e s However, despite global differences in DNA-binding mode, the approach of the scissile DNA-phosphotyrosyl linkage (Tdp2) or DNA-phosphodiester linkage (Ape1) within the EEP active site is quite similar. Collectively, these observations highlight that divergent EEP-surface DNA-interacting recognition elements have evolved for tailored protein-DNA adduct processing (Tdp2) ( Fig. 8) and DNAdamage (Ape1) recognition with a common hydrolytic enzymatic processing mechanism.
Structures of several DNA-repair end-cleansing enzymes are now available, including those for DNA polynucleotide kinase-phosphatase (PNK) [18] [19] [20] [21] , Aptx 22 and the Flap endonculease Fen1 (ref. 23) . A common feature of DNA-end-binding recognition in these enzymes is the deployment of hydrophobic α-helical DNA-base platforms to sequester exposed DNA termini. Our X-ray structures further expand the repertoire of DNA-end recognition mechanisms to include the β2Hβ grasp and cap combination of Tdp2. By engulfing DNA termini, these DNAend damage-processing enzymes may protect exposed damage termini from inappropriate 5′ or 3′ exonucleolytic degradation. The observation that Tdp2 extensively engages the three terminal nucleotides of a 5′-adducted DNA substrate has additional implications for understanding Tdp2 activity on topo II adducts. Structural analysis of an etoposidetrapped human topo IIβ (ref. 24 ) and of the Saccharomyces cerevisiae topo II covalent cleavage complex 25 show how type II topoisomerases extensively engage the DNA 5′ end. Limited accessibility of 5′-topo IIadducted DNA ends suggests that large conformational changes, and possibly unfolding of the topo II Toprim catalytic domain, would be required for Tdp2 to access the substrate (Fig. 8a) . Thus Tdp2-DNA complex structures imply that Tdp2 end processing of DNA might be regulated by access, and Tdp2 catalysis may require proteolysis of topo II isoforms before detyrosylation and DNA end joining 10, 11 .
The DNA-binding polarity defined here by structures and mutagenesis, the mode of 5′-adduct recognition and the Tdp2 enzymatic preference for model 5′-Y substrates in vitro are all consistent with cellular roles for Tdp2 in promoting repair of topo II-linked DNA damage ( Fig. 8) 8, 13 . Evidence in yeast 26 and mammalian cells 27 shows that processing of topo II adducts, as well as removal of the related Spo11 adduct that is an obligate intermediate in meiotic recombination 28 , can also involve endonucleolytic processing by the multifunctional DSB-sensing and DSB-processing Mre11-Rad50-Nbs1-Ctp1 (CtIP,Sae2) complex (MRN-CtIP) 29 . The choice of MRN-CtIP or Tdp2 for resolution of 5′-Y-adducted termini might thus dictate the choice of DNA DSB repair pathway, with the former channeling breaks to repair by homologous recombination, whereas it has been hypothesized that Tdp2 generates ends appropriate for repair by nonhomologous end joining 8, 13 . Functional redundancy of 5′-adduct processing and use of a Tdp2-dependent direct-reversal repair pathway may be particularly critical in terminally differentiated cells, where repair by homologous recombination may not be possible.
Tdp2 was originally identified in screens for factors encoding cellular resistance to camptothecin, an anticancer agent that generates 3′-phosphotyrosyl-linked topoisomerase I (topo I) DNA adducts 8 . Accordingly, Tdp2 also exhibits activity toward 3′-Y in vitro (Fig. 1h,i and ref. 8) , but this activity is inefficient relative to 5′-Y hydrolysis or when compared to the 3′-Y-hydrolysis activity of Tdp1-a phospholipase 2 superfamily enzyme that catalyzes the metal-independent reversal of 3′ phosphotyrosyl linkages 30 . Tdp1 is structurally unrelated to Tdp2 (ref. 30 ). Thus, structures defined here also highlight convergent evolutionary solutions of eukaryotic cells for coping with topoisomerase protein-DNA adducts. Tdp1 deficiency is linked to the neurological disease spinocerebellar ataxia with axonal neuropathy (SCAN1) 31, 32 , and Tdp2 activity on 3′-linked topoisomerase adducts appears important in the absence of Tdp1 (ref. 33) . So Tdp2-mediated processing of 3′-Y-linked topo I adducts may partly compensate for loss of Tdp1 activity in SCAN1.
Finally, given Tdp2 variation in the human population 34 , the Tdp2-DNA complex structure activity studies described here have implications for understanding roles for Tdp2 polymorphisms in modulation of cancer chemotherapy and susceptibility to environmentally linked topo II poisons. Given that Tdp2 knockdown sensitizes lung cancer A549 cells to etoposide 8 , and that Tdp2 is overexpressed in cells expressing mutant p53 and human lung cancers 12 , Tdp2 inhibitors may synergize or potentiate cytotoxic effects of current anticancer treatments targeting topo II. The molecular determinants of Tdp2 DNA-protein recognition and catalysis defined here will likely enable unique opportunities for development of Tdp2 inhibitors.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes.
Coordinates have been submitted to the RCSB Protein Data Bank for the mTdp2 cat -Mg 2+ -5′-dAMP complex (4GYZ), mTdp2 cat -DNA complex I (4GZ0), mTdp2 cat -DNA complex II (4GZ1) and mTdp2 cat -DNA complex III (4GZ2). . We thank T. Kunkel and members of the Williams lab for discussions and critical reading of the manuscript, L. Pedersen of the NIEHS Collaborative crystallography group, the Advanced Light Source beamline 12.3.1 (SIBYLS) staff and the Advanced Photon Source (APS) Southeast Regional Collaborative Access Team (SER-CAT) staff for assistance with SAXS and crystallographic data collection and J. Williams of the NIEHS Protein Microcharacterization Core Facility for mass spectrometry analysis.
Note: Supplementary information is available in the online version of the paper.
ACknoWleDgMentS
ONLINE METHODS
Expression and purification of Tdp2 proteins. Human Tdp2 (hTdp2) and mouse Tdp2 (mTdp2) were expressed at 17 °C from pMCSG9 (ref. 35) 
in BL21 Rosetta2
Escherichia coli (EMD Biosciences). Following lysis by sonication in lysis buffer (20 mM Tris, pH 7.5, 500 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine (TCEP) and 1 mM phenylmethylsulfonyl fluoride with the addition of 0.1 mg ml −1 lysozyme), maltose-binding protein (MBP)-tagged protein was affinity purified on amylose resin (New England Biolabs) and eluted in lysis buffer plus 10 mM maltose. MBP-Tdp2 fusion proteins were purified by size-exclusion chromatography on a 16/60 S-200 column (GE Life Sciences) in size-exclusion column buffer (20 mM Tris, pH 7.5, 300 mM NaCl, 1 mM TCEP). For biochemical assays, the MBP-tagged proteins were concentrated and used without further purification. For mTdp2 cat crystallization, the MBP tag was removed by TEV protease digestion, and mTdp2 cat was purified further with butyl-Sepharose hydrophobicinteraction chromatography (GE Life Sciences) followed by dialysis into sizeexclusion buffer.
Small-angle X-ray scattering. For SAXS studies, Tdp2 variants were buffer exchanged into SAXS buffer (15mM Tris, pH 7.5, 300 mM NaCl, 1mM TCEP, 2mM MgCl 2 and 1% glycerol) and concentrated in Amicon 3K 0.5-ml centrifugal concentrators (Fisher) immediately before SAXS data collection. SAXS data collection was performed at 3, 1.5 and 0.75 mg ml −1 protein concentration, and SAXS data were analyzed by using the ATSAS suite of SAXS data analysis tools (http://www.embl-hamburg.de/biosaxs/software.html). Table 2 ) and 1 mM MgCl 2 . For the DNA-bound complexes I, II and III, protein-DNA complex crystallization at 2:1 protein:DNA stoichiometry was promoted with the use of oligonucleotide substrates that are selfcomplementary through an 8-base-pair duplex region and bear double-ended overhangs ( Supplementary Fig. 5 and Supplementary Table 2 ). To facilitate observation of Tdp2 bound to a 5′-adducted substrate analog without mutation of the Tdp2 active site, we used the hydrolysis-resistant 5′-N-adducted substrate ( Figs. 1i and 2a) . SeMet-derivatized mTdp2 cat -dAMP complex crystals were grown with a precipitant containing 100 mM MES, pH 6.5, 20 mM BaCl 2 and 10% PEG-20,000, then cryoprotected in liquid nitrogen in the crystallization mother liquor supplemented by 25% PEG-20,000, 8% glycerol and 5% glucose. Crystals of mTdp2 cat bound to a 5′-N DNA (complex I) were grown with a precipitant containing 100 mM sodium acetate, pH 4.5, 5% PEG-1000 and 50% ethylene glycol. Crystals of mTdp2 cat bound to a product DNA (complex II) were grown with a precipitant containing 100 mM HEPES, pH 7.5, 20% PEG-3350, 200 mM sodium acetate and 10 mM MgCl 2 , then cryoprotected in the crystallization mother liquor plus 25% PEG-3350, 8% glycerol and 5% glucose. DNA Complex III crystals mTdp2 cat were grown with a precipitant containing 100 mM Tris, pH 8.5, 25% PEG-3350, 250 mM magnesium formate, then cryoprotected in the crystallization condition with 8% glycerol and 5% glucose. X-ray diffraction data collection, phasing and refinement. X-ray data ( Table 1) were collected at 105 K on beamline 22-ID of the Advanced Photon Source at a wavelength of 1.0000 Å for the mTdp2 cat -Mg 2+ -5′-dAMP complex, Tdp2-DNA complex II and Tdp2-DNA complex III. Tdp2-DNA complex I was collected at 0.8266 Å, and the SeMet mTdp2 cat -Ba 2+ -dAMP data set was collected at the experimentally determined Se-K edge of 0.9795 Å. X-ray diffraction data were processed and scaled using the HKL2000 suite 36 .
Crystallization of Tdp2 and
The SeMet-derivatized mTdp2 cat -dAMP complex crystals were phased using a single-wavelength anomalous dispersion (SAD) data set ( Table 1) . Positions of the 36 Se atoms of the nine Tdp2 monomers in the crystallographic asymmetric unit were located and refined with SOLVE 37, 38 . An initial model built with RESOLVE 38, 39 was improved by iterative rounds of manual fitting in Coot and refinement against the mTdp2 cat -Mg 2+ -dAMP data set by using the program PHENIX 38 . Chain A of this model was used as the search model for determination of the mTdp2 cat -DNA complexes I, II and III by molecular replacement in PHASER 40 . All crystallographic refinement and data analysis was performed in PHENIX 37 . The final models display excellent geometry. MOLPROBITY 38 Ramachandran statistics: mTdp2 cat -Mg 2+ -dAMP complex, 96.9% favored, 0.0% outliers; mTdp2 cat -5′-N DNA complex I, 98.4% favored, 0.0% outliers; mTdp2 catproduct DNA complex II, 98.9% favored, 0.0% outliers; and mTdp2 cat -excluded DNA complex III, 97.2% favored, 0.0% outliers.
T5PNP and PNPP cleavage assays. Enzymatic reactions were performed in clear 96-well plates in assay buffer containing 100 mM NaCl, 20 mM Tris, pH 7.5, and 2 mM MgCl 2 . Reactions consisted of 2 mM T5PNP or PNPP and 1µM TDP2 proteins. Increase in absorbance at 415 nm was monitored for 60 min in a POLARStar Omega plate reader (BMG Labtech). Data were analyzed in Microsoft Excel.
Preparation of oligonucleotide substrates. Oligonucleotide substrates and construction are summarized in Supplementary Tables 2-4 . 5′-or 3′-modified oligonucleotides were purchased from Midland Certified Reagent Company, and unlabeled DNA oligonucleotides were purchased from Integrated DNA. Oligonucleotides were resuspended in distilled water and diluted to a working concentration in buffer (10mM Tris, pH 7.5, 50 mM NaCl, 0.1 mM EDTA) and either used directly in reaction assays or crystallization trials or annealed to a 1.2-fold excess of the indicated complimentary nucleotide in buffer (10mM Tris, pH 7.5, 50 mM NaCl, 0.1 mM EDTA), heated to 70 °C and slowly cooled to room temperature before using in reaction assays.
Tdp2 oligonucleotide-substrate assays. Purified Tdp2 proteins (10 nM) were incubated with 1 µM FITC-labeled DNA substrates in reaction buffer containing 100 mM NaCl, 20 mM Tris, pH 7.5, and 2 mM MgCl 2 . Samples were removed at the indicated time points, and the reaction was stopped by adding a four-fold excess of Novex TBE-Urea loading buffer (Invitrogen). Reactions were resolved on Novex 15% TBE-Urea PAGE gels (Invitrogen). The FITC-labeled oligonucleotides were imaged by using a Typhoon 9000 imager with an excitation wavelength of 488 nm and a band pass emission filter set at 520 nm (GE Healthcare Life Sciences). ImageQuant software was used to quantify band intensities.
